Abstract. Heavy-fermion compounds are characterized by electronic correlation effects at low energies which can directly be accessed with optical spectroscopy. Here we present detailed measurements of the frequency-and temperature-dependent conductivity of the heavy-fermion compound UPd2Al3 using broadband microwave spectroscopy in the frequency range 45 MHz to 40 GHz at temperatures down to 1.7 K.
Introduction
Heavy-fermion materials are intermetallic compounds that exhibit peculiar electronic properties at low temperatures, such as high values of the specific heat and the magnetic susceptibility. [1] These effects are explained with an effective mass of the mobile charge carriers that is enhanced up to 1000 times with respect to the free electron mass. In the Kondo picture, the origin of this high effective mass is the hybridization of different sets of electrons, namely of conventional metallic band electrons and of barely localized f-electrons introduced by elements like Ce, Yb, or U that are part of these compounds. The hybridization leads to 'barely mobile' electrons that cause the characteristic heavy-fermion properties. All these effects are restricted to low energies; i.e. they only occur at low temperatures (a typical temperature range is below 10 K), and they can only be studied with low-energy probes. Here optical spectroscopy [2, 3] is particularly suited: firstly, the electromagnetic radiation directly couples to the electric charges, i.e. the heavy fermions themselves. Secondly, the energy of the probe, i.e. the frequency of the employed radiation, can be tuned over many orders of magnitude to match the processes of interest. This need of optical spectroscopy at extremely low frequencies (GHz and THz) compared to conventional optics has lead to the unsatisfying situation that of the two fundamental questions in heavy-fermion physics that have been the focus of the respective optical experiments, namely the possible presence of a hybridization gap and the dynamics of the heavy charge carriers, only the first one could be fully addressed whereas the second remained unsolved due to the experimental difficulties. Only recently we were able to combine high-quality thin film samples [4, 5] and a new spectrometer [6] to obtain broadband microwave conductivity spectra that revealed the full charge dynamics of a heavy-fermion compound, UPd 2 Al 3 . [7, 8] In this article we describe these experiments in detail and discuss their implications for our understanding of heavy fermions.
Drude response of metals
Heavy-fermion materials are metals, and their optical response is discussed within the same framework as normal metals, that is the Drude response. Following the original model of Paul Drude, [9] the frequency-dependent conductivity σ(ω) = σ 1 (ω)+iσ 2 (ω) of a metal is described within a relaxation approach: [2] σ(ω) 
Optical properties of heavy fermions
A hypothetical direct transition from a metallic, non-interacting electron system to the interacting, heavy-fermion state (a transition tuned purely by increasing the interaction) is characterized by strong modifications of effective mass m * and relaxation time τ * ; their renormalization is expected to scale: [11, 12] 
i.e. the strongly enhanced mass goes hand in hand with an increase of the relaxation time. In fact the two are just different manifestations of the same effect: a large effective mass is equivalent to a high density of states at the Fermi level, which in turn is equivalent to a low Fermi velocity which means that the scattering rate is low (if the mean free path is unaffected, e.g. in the case of impurity scattering) and the relaxation time long.
The relaxation rate Γ = 1/τ , for usual metals in the infrared frequency range, here is expected to shift to the THz and microwave frequency ranges. This shift of the Drude response to very low frequencies is the signature of heavyfermion behavior in the electrical conductivity whereas the absolute value of the dc conductivity is similar to that of normal metals and does not indicate heavy-fermion behavior. To avoid confusion later on, we will always employ starred quantities to describe the actual, renormalized behavior of the heavy-fermion state; i.e. Eq. (1) then reads
The extremely low frequency of the Drude roll-off is the first fundamental expectation for the optical conductivity of heavy fermions and has been addressed experimentally using microwave cavity resonators, but these studies could not reveal the full frequency dependence. [13, 14, 15, 16, 17, 18] A second feature in the optical response of heavy fermions is usually termed 'hybridization gap' and has been studied in numerous heavy-fermion materials, but occurs at higher frequencies than relevant for the present study. [19, 20, 21 
where ρ(ω) = ρ 1 + iρ 2 = 1/σ(ω) was used. Applying
Eqs. (4) and (5) to experimentally obtained conductivity data σ(ω) requires knowledge of the unrenormalized plasma frequency ω p . For simple metals, this quantity can be calculated if the charge carrier density n is known, or it can be obtained from optical measurements at higher frequencies (and higher temperatures). However, the plasma frequency of heavy fermions cannot be determined easily, and in particular one cannot assume a priori that it is independent of temperature.
Heavy-fermion material UPd 2 Al 3
The material we have studied, UPd 2 Al 3 , is a prominent heavy-fermion compound: [25, 26, 27] study, we focus on the heavy-fermion state above T c , and the superconducting state at lower temperatures is only important for the calibration procedure.
UPd 2 Al 3 crystallizes in a hexagonal structure and exhibits typical heavy-fermion behavior with an effective mass of m * = 66 m 0 as determined from thermodynamic measurements. [25] The temperature dependence of the dc conductivity is shown in Fig. 1 for different samples. At high temperatures the resistivity does not depend strongly on temperature: cooling from 300 K the conductivity first increases slightly; a common feature for heavy fermions.
Below approximately 100 K, the resistivity decreases slowly, 
Experiment
Our broadband microwave spectrometer [6] is most sensitive to heavy-fermion samples when they are thin films. [30] We have grown thin films of UPd 2 Al 3 using MBE techniques: evaporation of the three constituents U, Pd, Al and deposition onto LaAlO 3 (111) substrates. [4, 5, 26 ] The excellent quality of these thin films is evident from x-ray analysis of the lattice as well as from the temperature dependence of the dc resistivity, which reproduces the features known from bulk single crystals. we directly calculate the complex conductivity. [6] This is particularly simple due to the thin film samples: in the complete temperature and frequency range of the present study, the film thickness is much smaller than the skin depth, and therefore we can assume that the fields (and current density) are uniform within the film thickness. [32] A reliable calibration can only be achieved if the temperature distribution along the coaxial cable in the cryostat is exactly reproduced for sample and calibration measurements. We therefore employ a strict operating procedure for the spectrometer, and we use computer control for the actual measurements at numerous temperatures (in the present study: 111 temperature points) during the warming from 1.65 K to 300 K. Thus, for any lowtemperature measurement we obtain the full temperature dependence up to room temperature.
In addition to the microwave experiments, we simultaneously measure the dc resistance. This characterizes the samples, proves their high quality, and is direct evidence for small contact resistance between sample and probe.
Good contact is essential as our two-point microwave impedance measurements cannot distinguish between contributions of the sample and the contact resistance. The measured dc resistance also serves as in-situ sensor to determine the actual sample temperature. [6] 3 Results
Microwave conductivity and Drude response
In panels (a) and (b) of Fig. 2 we show the real part σ 1 and the imaginary part σ 2 , respectively, of the microwave conductivity of UPd 2 Al 3 for a set of different temperatures.
For all temperatures and for frequencies below 500 MHz, σ 1 is almost constant (more obvious from the logarithmic plot in inset (c) of Fig. 2 ) and matches the dc conductivity that was determined independently (compare Fig.   1 ). This coincidence of dc and low-frequency microwave conductivity indicates that the conductivity is frequencyindependent at all frequencies below our range; i.e. all relevant dynamical properties of the electrons in UPd 2 Al 3 occur at frequencies above 500 MHz.
At temperatures above 10 K, σ 1 as a function of frequency is basically flat and σ 2 is zero in the whole observed frequency range (as an example, data for T = 295 K is shown in Fig. 2 ), indicating that the relaxation rate at these temperatures is much higher than the frequencies addressed here. This is consistent with general expectations for the relaxation rate of a metal and with the previ- were charge carriers present with a considerably higher relaxation rate, they should contribute to a finite value of σ 1 (f ), but we do not see any such signs. Futhermore, an increase in σ 1 (f ) for somewhat higher frequencies is expected from previous THz studies on UPd 2 Al 3 . [28, 29] The value for the relaxation time, here τ * = 4.8 × can be explained by the high quality of our sample (evident from the small residual resistivity) and the corresponding weak impurity scattering, which is the dominant scattering mechanism at low temperatures.
The conductivity spectra in panels (a) and (b) of Fig.   2 show how the characteristic roll-off in σ 1 (ω) and the coincident maximum in σ 2 (ω), which occur at the relaxation rate, shift to higher frequencies when the temperature is raised. This increase in relaxation rate is expected and is due to the more frequent scattering events at higher tem- We want to point out that in our studies we have the full frequency dependence available for numerous temperatures; thus we can unambiguously determine the relaxation rate from the Drude response and follow it with increasing temperature. [8] This is in contrast to the optical conductivity spectra obtained previously on heavy fermions, where the Drude roll-off could never be fully observed and furthermore only a few temperatures were studied, and it is also in contrast to previous microwave experiments, where a detailed temperature dependence for the relaxation rate was obtained, but relying on the assumption that the difference between dc and microwave conductivity can be described within the Drude response.
Furthermore, we directly determine both real and imaginary parts of the conductivity. We can follow the Drude relaxation up to a temperature of 6 K; for higher temperatures the relaxation rate is higher than our accessible frequency range. This is unfortunate because the behavior of the Drude relaxation around both the antiferromagnetic transition at 14 K and the crossover between heavyfermion and uncorrelated state around 100 K is of interest. 
Frequency-dependent relaxation rate
For our compound, a quadratic temperature dependence of the dc resistivity is observed between T c and approximately 3.2 K, as shown in the inset of Fig. 1 and known from literature. [4, 33, 34] This can be described as ρ dc = ρ 0 + AT 2 , where A = 2.3 · 10 −7 Ωcm/K 2 , similar to previous studies. [35, 36] Such a quadratic temperature dependence is usually taken as an indicator for Fermi-liquid behavior, which should lead to a characteristic frequency dependence of the relaxation rate as well. [3] But our microwave conductivity measurements can be described well by a simple Drude response, i.e. assuming a frequencyindependent relaxation rate. Thus any possible frequency dependence of the relaxation rate has to be very small; in fact it is, as we will show, not resolvable with our present spectrometer. However, since our experiment for the first time at all allows studying the frequency dependence of the relaxation rate at microwave frequencies, we present our analysis in the following.
According to the extended Drude model as discussed in Section 1.3, one can use Eq. (4) to determine the frequencydependent relaxation rate. To obtain absolute values of the relaxation rate, one has to include a prefactor (the unrenormalized plasma frequency), which is not known a priori, and furthermore is assumed to be temperature independent. To avoid these complications, in Fig. 3 we plot the real part of the frequency-dependent resistivity ρ(f ), which is proportional to the frequency-dependent relaxation rate if those assumptions hold. As seen in Fig. 3 , the real part of the resistivity (and thus the relaxation rate)
is constant for frequencies below 8 GHz, as expected from the perfect Drude behavior in the conductivity spectra.
For higher frequencies, our data of ρ 1 (f ) show a frequency dependence. However, we attribute this effect to the errors in our experiment, related to the achieved reproducibility of experimental conditions that we need for the calibration procedure: with increasing frequency, i.e. decreasing wavelength, it becomes harder to reproduce the damping and the phase shift introduced by the coaxial cable. Since we here discuss data at frequencies above 8 GHz, i.e. more than double the relaxation rate, the conductivity is mostly imaginary [σ 2 (f ) > σ 1 (f )], and thus the phase of the measured reflection coefficient is much more relevant for the obtained values of ρ 1 than at lower frequencies, making the calibration particularly challenging.
Fermi-liquid theory predicts for the relaxation rateand the real part of the resistivity -a quadratic dependence on both temperature and frequency, ρ 1 (T, ω) = ρ 0 +AT 2 +Bω 2 . From the dc resistivity measurements, we know ρ 0 and A for our sample, but since the prefactor B of the frequency-dependent term (or equivalently the ratio A/B) depends on the particular Fermi surface [23, 24] and is not known for the case of UPd 2 Al 3 , we cannot calculate any Fermi-liquid prediction for our frequencydependent data at this point. If instead we use the frequently stated generic number (2π) 2 for A/B, [3] we can calculate a frequency-dependent resistivity, but the resulting frequency dependence is much smaller than our experimental resolution for the data in Fig. 3 . The very small contribution of a possible frequency-dependent relaxation rate also explains why we can describe our conductivity spectra with a simple Drude formula: at low temperatures, the dominant scattering contributions are connected to the residual resistivity (due to defects) and the T 2 -term, both of which are independent of frequency. As a result, the total relaxation rate is also independent of frequency, leading to the simple Drude description.
We want to mention that also previous optical and microwave studies on heavy fermions tried to observe the Fermi-liquid contribution, but were not conclusive. [13, 17] How could one observe the so-far elusive quadratic fre- [28, 29] where deviations from the enhanced, low-frequency mass were inferred only for frequencies above the spectral range addressed here.
The large data scattering in the effective mass at low frequencies is due to the fact that for these frequencies the imaginary part of the conductivity is basically zero, and therefore the obtained effective mass, following Eq. (5), is directly proportional to the error of the measurement and the calibration procedure.
As mentioned above, a quantitative extended Drude analysis requires knowledge of the unrenormalized plasma frequency ω p , which we unfortunately lack here. But we can use our microwave data to determine the renormalized plasma frequency ω * p at low temperatures. [16] Rewriting Eq. (4) for the renormalized quantities, we obtain Γ * (ω) = ω * 2 p /(4π)ρ 1 (ω), which we can apply to our data of ρ 1 = 9 × 10 −6 Ωcm (see Fig. 3 ) and τ * = 1/Γ * = 4.8 × 10 −11 s (from Drude fit). As expected, the resulting renormalized plasma frequency, ω * p /(2πc) = 840 cm −1 is considerably smaller than previous estimates from optical data where the actual Drude response could not be observed. [16] 
Sample dependence
The data and analysis presented so far was obtained on a single, high-quality sample (sample 1). Experiments on additional samples lead to consistent results, as discussed now for two of them. These samples are prepared in the In Fig. 4 , we present conductivity spectra for samples 2 and 3 for a set of temperatures. For both samples, we observe a frequency-independent conductivity at high temperature, as expected and known from sample 1 (shown in Fig. 2) . For low temperatures, we find a Drude roll-off in the real part of the conductivity also for samples 2 and 3, but at higher frequencies compared to sample 1 ( Fig.   2 ; fit results for τ * at 1.7 K are 1.4 × 10 −11 s for sample 2 and 9.5 × 10 −12 s for sample 3). In fact, for the lowest temperature of 1.7 K, we can only observe a reduction of σ 1 (f =13 GHz) compared to σ 0 by 50% for sample 2 and by 25% for sample 3. This is consistent with the reduction of σ 0 of these samples compared to sample 1. Thus, the low-temperature microwave conductivity spectra of samples 2 and 3 also display the Drude response of the heavy fermions, but due to the enhanced residual resistivity compared to sample 1, the relaxation rate is higher and the Drude roll-off shifted to higher frequencies. 
Conclusions and outlook
Applying a broadband microwave spectrometer to thin film samples of UPd 2 Al 3 , we are able to measure the microwave conductivity of this heavy-fermion material. 
